Traditional phenotyping of rice tillers is time consuming and labor intensive and 34 lags behind the rapid development of rice functional genomics. Thus, dynamic 35 phenotyping of rice tiller traits at a high spatial resolution and high-throughput for 36 large-scale rice accessions is urgently needed. In this study, we developed a 37 high-throughput micro-CT-RGB (HCR) imaging system to non-destructively extract 38 730 traits from 234 rice accessions at 9 time points. We used these traits to predict the 39 grain yield in the early growth stage, and 30% of the grain yield variance was 40 explained by 2 tiller traits in the early growth stage. A total of 402 significantly 41 associated loci were identified by GWAS, and dynamic and static genetic components 42 were found across the nine time points. A major locus associated with tiller angle was 43 detected at nine time points, which contained a major gene TAC1. Significant variants 44 associated with tiller angle were enriched in the 3'-UTR of TAC1. Three haplotypes 45 for the gene were found and tiller angles of rice accessions containing haplotype H3 46 were much smaller. Further, we found two loci contained associations with both 47 vigor-related HCR traits and yield. The superior alleles would be beneficial for 48 breeding of high yield and dense planting.
Image acquisition of HCR
The control flow of image acquisition included the following steps (Supplementary (2) the X-ray flat panel detector was opened; (3) the working mode of the 147 X-ray flat panel detector was selected; (4) the link with the X-ray flat panel detector 148 was checked; (5) the mode information for the X-ray flat panel detector was retrieved; 149 (6) the X-ray flat panel detector was used to grab images; (7) X-ray images and RGB 150 images were obtained simultaneously; (8) X-ray images and RGB images were stored 151 simultaneously; (9) X-ray image acquisition was stopped; (10) the X-ray flat panel 152 detector link was closed; (11) the RGB camera and serial port were closed. The HCR 153 image acquisition was implemented with LabVIEW 8.6 (National Instruments, US). Supplementary Fig. S3 and Supplementary Note S1-10 show the image analysis and 157 trait extraction by the HCR system. Before image collection, the micro-CT system 158 was off-set-calibrated and gain-calibrated. After calibration, the micro-CT system 159 acquired 380 images while the rice plant rotated 360°. One row of X-ray projected 160 images of the same height as the 380 X-ray projected images, was selected to form a 161 sinogram, covering 380 orientations (step 0.6°, entire angle 0.6°×380, ~220°). Using 162 the FBP algorithm and GPU acceleration technique, the inner structure of the rice 163 tiller was reconstructed. By removing the small areas and regions with a predefined 164 threshold, we counted 14 tiller traits, including tiller number, size and shape. Finally, 165 when 2 transverse tiller images were reconstructed at 2 different heights (row 600 and 166 row 650), 3 rice angle traits (mean, max, and standard deviation of the tiller angles) 167 was calculated using the spatial location of the central point of the rice tiller images. 168 Using the image analysis for the RGB images (Yang et al., 2014) , 51 morphological 169 features, 1 color trait, and 6 histogram features were calculated. 
Operation of the HCR

172
As shown in Supplementary Fig. S4 and Supplementary Fig. S5 , the HCR operational 173 procedure included the following steps: (1) the chiller was turned on and the water 174 temperature maintained at 20℃; (2) offset calibration was performed; (3) gain 175 calibration was performed; (4) one pot-grown rice plant was transported to the 176 7 rotation platform; (5) the X-ray source was turned on and the inspection was started; 177 (6) 380 CT images and 20 RGB images were obtained; (7) the next pot-grown rice 178 plant was transported to the rotation platform; (8) when all the tasks were complete, 179 the image acquisition software designed using LabVIEW was stopped.
181
Growth modeling and yield predication using phenotypic traits 182 To test the prediction ability of the different models for TTA and TPA, 6 models, 183 including linear, power, exponential, logarithmic, quadratic, and logistic, were built 184 and compared. The modeling results were evaluated by comparing the R 2 , MAPE, and 185 SD APE values. The statistical analyses of the 6 TTA and TPA models (linear, power, 186 exponential, logarithmic, quadratic, and logistic) were developed with LabVIEW 8.6 187 (National Instruments, Inc., USA). To evaluate the variance explained by the rice 188 grain yield in the early growth stages, linear stepwise regression analysis was 189 performed with the rice tiller traits using SPSS software (Statistical Product and 190 Service Solutions, Version 13.0, SPSS Inc., USA).
192
Genome-wide association study 193 A total of 2,863,169 single nucleotide polymorphisms (SNPs) with a minor allele 194 frequency ≥0.05 were used for GWAS, and the number of accessions with minor 195 alleles for the SNPs was more than 6. Information on these SNPs can be accessed 196 from the 'RiceVarMap' database (http://ricevarmap.ncpgr.cn/). As in previous studies, 197 the genome-wide significance threshold was set at 1.66×10 -6 to control for false 198 positives (Yang et al., 2015) . A mixed-model approach with the factored spectrally et al., 2015) . Lead SNPs for each trait were determined using the 'clump' 203 function of Plink (Purcell et al., 2007) . Potential candidate genes were obtained using 204 the 'clump-range' function of Plink (Purcell et al., 2007) . Considering the strong LD 205 8 (linkage disequilibrium) of rice, a region in which the distance of adjacent pairs of 206 associated SNPs was less than 300 kb was defined as the locus (Yang et al., 2015) .
207
Haplotypes were determined based on the significant genetic variants.
209
Results
210
High-throughput micro-CT-RGB phenotyping system (HCR) 211 The bi-modal imaging system, including micro-CT and RGB imaging, was developed 212 to non-destructively extract 74 phenotypic traits synchronously. Among these 74 traits, 213 tiller number, shape, area, and angle were extracted by CT images, and plant 214 architecture, texture, and color traits, and digital biomass were extracted by RGB 215 images. The definitions and abbreviations of the phenotypic traits are shown in 216 Supplementary Table S1 . The bi-modal imaging system consists of 9 main elements: 217 an X-ray source (Nova600, OXFORD, UK), an X-ray source chiller (Nova600, Fig. 1A, B ). The configuration of the HCR system is 223 provided in Supplementary Fig. S6 , and shows that the CT system's field of view Supplementary Table S2 .
228
When the rice plant is rotated on the rotation platform ( Fig. 1C ), 20 color images 229 and 380 X-ray projected images ( Fig. 1D ) in different angles are acquired 230 synchronously. All phenotypic traits were obtained using the following steps: (1) one 231 row of the X-ray projected image at the same height as the 380 X-ray projected Video S1. The image acquisition and analysis pipeline were developed using 245 LabVIEW 8.6 (National Instruments, US), and the details were described in the 246 Methods section.
247
As shown in Supplementary Fig. S4 To evaluate the accuracy of the micro-CT unit, 8 plastic round pipes (fixed in one pot 258 as shown in Supplementary Fig. S7 ) were measured manually by two people 259 (phenotypic traits are shown in Supplementary Table S3 ) and automatically measured Table S4 ). The mean absolute percentage error (MAPE) of the 262 automatic versus manual measurements were 0.02~1.38%, 0~6.38%, and 0.12~1.87% 263 for tiller diameter, stem wall thickness, and tiller angle, respectively ( Fig. 2A) . The 264 computational formulas of MAPE were defined by Eqs. 1.
(1) 266 To evaluate the reconstruction quality of the rice tiller, a reconstructed transverse 267 section image (spatial resolution of 30 μm) using micro-CT and its actual transverse 268 section image after shearing are shown in Fig. 2B . In addition, there was a trade-off 269 between the CT image resolution and CT scan area. To scan all the rice tillers, the 270 spatial resolution was set at 97 μm and the FOV of the CT system was 149 mm 271 (height) × 186 mm (width) ( Supplementary Fig. S6 ). Next, 35 rice plants
272
( Supplementary Table S5 ) were measured both automatically and manually (repeat of the accession IDs in the ID section and then press 'search images'; (4) 9 CT images 284 and 9 side-view color images can be viewed and downloaded; (5) a similar process 285 can be used to view and download phenotypic traits by pressing 'search data'. The 286 detailed procedure for the database is shown in Supplementary Fig. S8 .
288
Screening the dynamic process of rice growth at the tillering and jointing stages 289 After all phenotypic images and data were obtained for the 9 time points, we screened 290 the dynamic process of the rice growth and determined the most active tillering and 291 initial jointing stages. As illustrated in Fig. 3A-I, 9 side-view RGB images and 9 292 reconstructed images for each rice plant were obtained for the following image 293 analysis. The red circle in Fig. 3B -E shows the dynamic tillering and jointing 294 11 processes. At the second time point (Fig. 3B) , the first pith cavity appeared, indicating 295 that this plant progressed into the jointing stage. As illustrated in Fig. 3J , from the 296 dynamic change of the first derivative of the total tiller area, we can determine the 297 most active tillering stage, as indicated by the blue arrow with the maximum value of 298 the first derivative of the total tiller area. The tiller growth of the rice plant during the 299 first 6 periods was relatively faster than that of the later periods. Similarly, from the 300 number change of the rice accessions in the initial jointing stage, we can see that the 301 initial jointing stage was accompanied by the most active tillering stage (Fig. 3K ).
302
Interestingly, the growth curve of the GCV (green color value) before the 5 th time 303 point indicates that the GCV value became smaller (indicating more dark green leaves 304 with greater nitrogen content), and after the 5 th time point, the GCV value became 305 larger (indicating more light green leaves with less nitrogen) ( Fig. 3L ). As illustrated 306 in Fig. 3M , from the dynamic change of first derivative of the mean tiller angle, we 307 see that the tiller angle showed little change during the tillering stage.
308
In addition, the dynamic growth curves of 27 representative traits for the tiller and 
Predication of tiller growth and digital biomass accumulation 317
It would be helpful if we could design a growth model using the phenotypic data 318 obtained in the early growth stage to predict the final digital biomass. In our previous 319 study, total projected area (TPA) was correlated with actual biomass (Yang et al., 320 2014). Beyond the manual tiller number count, the total tiller area (TTA) extracted by 321 micro-CT can quantify tiller growth more accurately than the tiller number. Fig. 4A, B   322 show the heatmaps of TTA and TPA for the 234 accessions at 9 different time points.
323
Here, we tested 6 models (linear, power, exponential, logarithm, quadratic, and 324 12 logistic models) of TTA and TPA at the 9 points. The results were evaluated by 325 comparing R 2 , MAPE, and the standard deviation of the absolute percentage error 326 values (SD APE ). As shown in Supplementary Table S6 , the logistic models of TTA and 327 TPA showed slightly better prediction ability (the R 2 was 0.969 and 0.985, the MAPE 328 and SD APE were both below 6.5%). The actual results versus predicted results of the 329 TTA and TPA are shown in Fig.4C and Fig.4D , respectively.
331
Predication for rice grain yield and shoot dry weight in the early growth stage 332 It would benefit rice breeding if we could use the automatically measured phenotypic 333 traits, particularly the traits measured in the early development stages, to predict the 334 final grain yield and shoot dry weight. The R value distribution for modeling grain 335 yield in the 9 different tillering stages is shown in Fig. 5A , which shows that by 336 adding the total tiller area (TTA), the R range increased from 0.30-0.41 to 0.35-0.51, 337 particularly at the 5 th time point. After the 5 th time point, nonfertile tillers began to 338 grow, providing a possible explanation why the R value decreased. Fig. 5B showed 339 that the modeling accuracy for the shoot dry weight is improved by adding total tiller 340 area. Moreover, we also compared the correlation between TN, TTA and grain yield.
341
The R value of TN_5 versus grain yield was 0.094 (Fig. 5C ), and the R value of 342 TTA_5 versus grain yield was 0.512 ( Fig. 5D ).
343
When only 2 phenotypic traits were selected, 30% of the grain yield variance was 344 explained (Fig. 5E ). The two phenotypic traits were both tiller traits, which included 345 TTA_5 (total tiller area measured at the 5 th time point) and MEANTA_8 (mean value 346 of the tiller angle measured at 8 th time point). We found that the rice yield can be 347 increased by higher TTA_5 and lower MEANTA_8. Up to 48% of the grain yield 348 variance can be explained by combining 10 traits across all 9 time points (Fig. 5F ). As 349 shown in Supplementary Fig. S10 , the R 2 value range from 0.34 to 0.46 by combining 350 from 3 traits to 9 traits. Genome-wide association study 353 We performed GWAS of 732 traits (including 730 traits measured by micro-CT-RGB, locus on chromosome 9 (locus 302) were detected at nine time points (Fig. 6B ).
366
Further we found the locus were significantly associated with MEANTA (mean of 367 multiple-tiller angles for a plant) measured by micro-CT ( Fig. 6C ), suggesting the 368 locus could control tiller angle. These results demonstrate the existence of dynamic 369 and static genetic components during rice growth stage.
370
For the locus 302, LD decayed slowly (r 2 =0.57 between SNPs sf0920227209 and 371 sf0920733864) in a 500 kb-region. TAC1, the cloned gene controlling tiller angle (Yu   372   et al., 2007) , was located at the locus. We found 15 significant SNPs distributed in the 373 3'-UTR region, coding region, and 1 kb promoter region and a significant 1-bp indel 374 in the 3'-UTR region (Fig. 7A ). All the SNPs in the coding region caused synonymous 375 mutations. Consistent to a previous study (Yu et al., 2007) , the variants in the 3'-UTR 376 caused the mRNA level polymorphisms, resulting in the tiller angle diversity. Three 377 haplotypes for the gene were found in our association mapping panel. Tiller angles 378 were significantly different among them (P=5.15E-07, ANOVA) and those of rice 379 accessions containing haplotype H3 were much smaller (Fig. 7B) . Minghui 63 (a 380 known restorer line) and Zhenshan 97 (a known maintainer line) contained haplotype 381 H2 and H3, respectively (Fig. 7C) .
382
Further, we found two loci containing associations with both micro-CT-RGB 383 traits and yield. A lead SNP sf0401216812 on chromosome 4 was associated with 384 14 AGRTTA_5 indicating growth rate of tillering at the 5 th time point (P MLM =1.16E-05) 385 and yield (P MLM =8.40E-04), and genotype G at the SNP site corresponded to the 386 superior allele for the two traits (Fig. 8A) . Another lead SNP sf0630983585 on 387 chromosome 6 was associated with AGATPA_4 indicating growth rate of shoot 388 weight at the 4 th time point (P MLM =1.14E-06) and yield (P MLM =2.93E-04), and 389 genotype G at the SNP site corresponded to the superior allele for the two traits ( Fig.   390 8B). The favorable alleles of the two loci were minor alleles and would be beneficial (1) The 3D spatial location can be obtained by CT, thus, some traits, such 403 as tiller angle, can be extracted with more accuracy rather than manually measuring 404 them with a protractor, as shown in Fig. 1I. (2) The CT system can be easily 405 integrated with an RGB imaging device, allowing more traits (total of 74 traits) to be In this study, we developed a high-throughput micro-CT-RGB (HCR) imaging system 434 to extract tiller-related phenotypic traits with high spatial resolution (97 μm) and high 435 efficiency (~310 pots per day). A rice panel containing 234 accessions was 436 phenotyped non-destructively at 9 time points during the tillering stage, and totally 437 730 traits were extracted by HCR and used to perform a GWAS. A total of 402 438 significantly associated loci were identified by GWAS, and dynamic and static genetic 439 components were found across the nine time points. A major locus associated with 440 tiller angle was detected at nine time points and a priori gene TAC1 was located at the 441 locus. Significant variants associated with tiller angle (evaluated by MEANTA) were 442 enriched in the 3'-UTR of TAC1. Three haplotypes for the gene were found and tiller 443 angles of rice accessions containing haplotype H3 were much smaller. Further, two 444 16 loci contained associations with both HCR traits and yield and the superior alleles 445 were minor alleles, which would be beneficial for breeding of high yield and dense 446 planting. Table S2 . Main specifications of micro-CT-RGB inspection unit. 474 Table S3 . Manual measurements of 8 plastic pipes with 2 workers. 475 Table S4 . Automatic measurements of 8 plastic pipes with 10 replications. 476   Table S5 . Comparison of rice with automatically measured and manually 477 measured.
478 Table S6 . The Comparison of actual TTA/TPA and predicated TTA/TPA with 6 479 models.
480
Video S1. The reconstructed images of one rice sample at different heights.
481
Video S2. The dynamic growth of one rice accession.
482
Data S1. GWAS results. 
